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1. Introduction

Safety and economical operation have to be endired structure during its service
life. This emerges the necessity for:
e Design and residual reliability level assessment;
« Design of structures for durability;
e Instruments for balancing service life vs. initidsts, maintenance and repair
costs.

In this context, time is the decisive variable ahd durability issues affecting
concrete structures are significant. This is alearty reflected in recent standardization
activities where design for durability is dealt witSO 13823 [1]fib-Model Code [2] and
ISO 16204 [3]. These documents deal with probdhiliapproaches and introduce the
design of structures for durability — i.e. a timepéndent limit state approach which takes
service life into account. It appears that predé&tmodels are needed to estimate how
resistance (and/or loads) will change over timed dme involved uncertainties (both
epistemic and eleatoric) need to be given propesideration. Probabilistic approaches are
advocated; it should be noted that the design erlife is also defined by a level of
reliability with regard to whether or not the reden limit state (LS) will be exceeded during
this period (based on the appropriate consequdass, combined with consideration of the
cost and of safety measures). Durability and réditghbissues should be addressed during
the design process and discussed with the client.

The aim of the present contribution is to revidw tesults of about 20 years of
research in the area of concrete durability peréatrat Brno University of Technology at
the Faculty of Civil Engineering’s Department ofu&tural Mechanics and Department of
Chemistry by the “Degradation” team (the membersoith have gradually changed over
time). This research has dealt with a broad var@tydeterioration effects that attack
concrete and reinforcement, and with appropriatéeatofor use in design practice in the
assessment of the required reliability level andiise life of structures. Selected works
published from 1993 until 2014 are listed belowsR{-



2. Durability Limit States

Reinforced concrete is a durable and widely usettcoction material. Despite the fact
that the majority of reinforced concrete structuseew good long-term performance and
high durability, a large number of these structusgl fail. When considering the Limit
States (LS) caused by the degradation of reinfocoedtrete structures, four kinds of attack
may be distinguished:

l. mechanical (mechanical load — static or dynamic),

Il. chemical (carbonation, chloride and acid attadkalabggregate reaction),

[l. electrochemical (corrosion of reinforcement) and

V. physical (freeze-thaw, abrasion, fire and others).
The present contribution focuses on cases (IN}. (I

Limit states have been incorporated in the bapjra@ach utilized for structural

design all over the world during the last few dessadlrheUltimate Limit State (ULS) and
the Serviceability Limit State (SLS) are evaluated while designing/assessing rerete
structure. The general condition for the probapiit failure P; reads:

P, =P(A=B)<P, (1)

where A is the action effectB is the barrier andPy is the design (acceptable, target)
probability value. Index of reliability is alternatively utilized in practice. Generalbgth

A andB (and hencé?) are time dependent. Durability is related to dbsign working life

tp (or service life). The most generally used desigethod — the partial safety factor
method — does not assess the reliability levelctliyei.e. it does not arrive at a specified
value for the relevant reliability level and is ratitable for service life assessment. This
situation can be amended via utilization of théyfpkobabilistic approach (which is legally
applicable according to current standards, butoisyet commonly accepted in practice).
This approach is dealt with in the present work antdased on the LS approach in the
context of durability limit states — see e.g. [28, 34]. Owing to either carbonation of the
concrete or the ingress of chlorides into the cetecrdepassivation of reinforcing steel
occurs, leading to steel corrosion. For the purpadehe durability assessment of concrete
structures

a distinction is usually made between the initiatperiod (depassivation of the surface of
reinforcement) and the propagation period of theasion process.

3. Degradation modelling

Modelling of degradation processes may be basatiffament levels of sophistication:

a) macro-level;

b) meso-level;

c) micro-level.
The a-level is the simplest, involving what are often callbé tdeemed-to-satisfy” set of
rules (mostly according to current codes), and du¢sallow for the design/assessment of
a specified service life with a specified reliatyilievel. Theb-level comprises simple
models (often semi-empirical), which are verified domparison with the results of testing
under experimental and real conditions. The vagmlihvolved may be treated as random
quantities, and therefore the outputs are also htepaf expressing statistical and



probabilistic characteristics with respect to theivolution over time (service life
assessment). This is the level dealt with in tresg@nt work. The-level is the most refined;
the models used at this level are complex and aveldped to make use of fundamental
physical laws and often constitutive laws of medt@nthus leading to the problem of
needing to solve partial differential equationsisTibvel of sophistication is not suitable for
everyday design practice. Note that levielandc may be viewed as performance-based
design [36]. Mathematical modelling is a usefdltfor the accomplishment of such a task.
As several models for the degradation process @stipn may be available, the engineer
needs to select a suitable one for each specificTUse governing criteria for such a choice
are often the availability of model data and thefatistical characteristics, and/or the
availability of relevant testing methods, and/oe #vailability of effective software tools.
The relevant values of variabl&sandB used in LS - Eq. (1), which are random quantities,
have to be assessed via the utilization of a sgtithapproach and a suitable degradation
model. For this purpose, effective probabilistiftware tools are needed. For a comparison
of some models see [35]. The interrelation oftyafeeasures, durability and costs has been
dealt with in [39].

4. Software tools

As part of the presented research three softtwate were developed.
() The FReET-D software package is a feasible asdr-friendly combination of
analytical models and simulation techniques. Moétmicarbonation, chloride ingress and
reinforcement corrosion, sulphate attack on comcietsewer collection systems, acid
attack and frost attack are available. Altogetl®%, models are implemented as pre-
defined dynamic-link library functions selectedrfrahe literature. The fully probabilistic
safety formats are employed, serving also for thevipion of quantitative information
concerning a structure’s safety level. The uncetitss8 associated with parameters
involved in deterioration processes are modelled rsydom variables, and several
simulation techniques may be optionally used (Cridtente Carlo, Latin Hypercube
Sampling or FORM). Statistical, sensitivity andiabllity analysis is provided. Several
features are offered, including parametric studird Bayesian updating. Some of the
models were originally developed as deterministarleis and have been converted into a
probabilistic form for the purposes of the presdnseftware. Statistical correlation of
input variables is efficiently imposed by a stodlasptimization technique — simulated
annealing. Sensitivity analysis is based on nonpatdc rank-order correlation
coefficients. For more details please s&ev.freet.cz [25, 37].
(I An interactive web pageRC LifeTime, is freely accessible atvww.freet.cz.
It performs statistical and reliability analysesaoincrete degradation due to carbonation
[22, 30].
(1IN Cellular automata were used to simulate th#usgion process as a 2D task. The
proposed methodology was applied to the degradatgsessment of civil engineering
structures; it describes the spatial and tempaaabbility of harmful substance ingress
(e.g. chloride ions in concrete Chloride diffusioto the concrete of the Neumarkt-Auer
Bridge in Austria was simulated using cellular an&a [27, 28].



5. Applications

Several applications can be found, e.g. in [10,181 18, 21, 22, 24, 27, 32, 38].
For the sake of saving space only one exampleaarsihere, along with a comparison of
several models [35]:
Carbonation depth was analysed for an RC coolingtaitilizing four models contained in
FReET-D. The tower, which has a height of 206 ms weestigated at the age of 19.1
years; the depth of carbonation was measured (ydirgolphthalein tests) at 75 locations
on both the internal and external surfaces. In @y, relatively reliable in situ statistical
data were obtained. Table 1 presents a comparidothe analytical results with
experimental data, namely the mean and COV of catimn depth for both surfaces of the
tower. The agreement is rather satisfactory forei®¢t) and (d).

Tab. 1 Carbonation depths in a cooling tower: caispa of analytical models with
measurements from a real structure at the age.bfyEars [35].

External surface Internal surface
Mean [mm] COV [%] Mean [mm] COV [%]
Model a 10.8 48 4.4 60
Model b 8.2 24 1.9 43
Model ¢ 12.7 18 8.3 51
Model d 11.9 21 7.7 53
On-site 14.9 56 8.0 29

*on-site measurement (Kersner et al. 1996)
6. Conclusion

The article deals with research results obtainethatFaculty of Civil Engineering at
Brno University of Technology, focusing on the seevlife of concrete structures, and
primarily on the modelling of degradation processestistical and sensitivity methods
were applied to degradation processes in connectitm reliability level evaluation.
Several software tools were created, FreET-D b#iagnost significant of them, covering
as many as 32 degradation models. An example bboation progress in a cooling tower
is presented.
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MODELOVANI ZIVOTNOSTI BETONOVYCH KONSTRUKCI

Summary

Cilem tohoto pispsvku je ukazat spitné vysledky asi dvacetiletého vyzkumu zivotnosti
betonovych konstrukci, zejména modelovani, kterfa Bpnana na Ustavech Stavebni
mechaniky a Chemie stavebni fakulty VUT v BrByly aplikovany statistické a citlivostni
metody spolu s hodnocenim Grevrspolehlivosti (prav&podobnost poruchy). Bylo
vytvoieno rEkolik softwarovych nastrdj s&zejni je FReET-D, ktery zahrnuje
v sowasnosti 32 modeélpro izné druhy degradace betotiwyztuze. Je ukadzana aplikace
na progndzu karbonatace betonové chladdzewetré porovnani skolika modet s in-
situ msfenim.
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